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a b s t r a c t
Ge2Sb2Te5 is technologically important for phase-change random access memory applications. In this
work, the effect of doping Ag, Cd, In and Sn on the structure and chemical bonding of Ge2Sb2Te5 has
been studied by ab initio calculations. It has been shown that the 3.7 at.% dopants drastically weaken the
Te–Te bond strength in the –Te–(vacancy)–Te– configuration while maintaining its rocksalt symmetry.
According to the analysis of formation energy, doping at the Ge site of Ge2Sb2Te5 phase is more
favourable. The doped Ge2Sb2Te5 phases demonstrate either semiconductor or metallic behavior, which
is attributed to the valence electrons of the dopants that mainly contribute to either the conductivity or
chemical bonding.
© 2008 Elsevier Ltd. All rights reserved.Phase-change (PC) materials based on chalcogenide alloys have
been widely studied and used for data storage in current mul-
timedia applications, such as optical and electrical memory de-
vices (DVD-RW, DVD-RAM) [1–6]. Among these alloys, Ge2Sb2Te5
(GST) exhibits the best performance when used in the digital ver-
satile disc random access memory (DVD-RAM) in terms of speed
and stability. GST demonstrates high thermal stability at room
temperature, high crystallization rate at high temperatures (it can
be crystallized by a less than 50 ns laser heating pulse), and has
extremely good reversibility between amorphous and crystalline
phases (more than 105 cycles). Due to the remarkable properties
of GST, phase change random access memory (PRAM) has been
proposed as a new and promising candidate for the next gener-
ation memory device [7]. However, it still requires improvement
on the properties of PC materials to compete with other memory
types, such as magnetic random access memory. Currently, doping
is considered to be one efficient way to tune the properties of PC
materials. So far, dopants of Bi, Sn, O and N, etc. have been tried
experimentally [8–12], however, no systematic work has been re-
ported so far to study the effect of dopants on the phase stability
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doi:10.1016/j.ssc.2008.07.046and chemical bonding of GST. In this work, we have systematically
studied the effect of dopants (D = Ag, Cd, In and Sn) on the struc-
ture and chemical bonding of GST by ab initiomethods. The present
results will provide a fundamental understanding on the doping of
GST and the chemical bonding characters of the doped structures.
Our calculation methods are based on the density functional
theory within local density approximation (LDA) in conjunction
with projector augmentedwave potentials [13,14] as implemented
in the VASP code [15,16]. The relaxation convergence for ions and
electrons is 1×10−5 and 1×10−6 eV, respectively. The tetrahedron
method with Blöchl [17] corrections was used and the k-points of
7×7×5were automatically generatedby themethoddevelopedby
Monkhorst and Pack [18]. The convergence according to k-points
has also been checked and the k-points of 7 × 7 × 5 are sufficient
to give good results. All structures were relaxed with respect to
both lattice constants and atomic positions (internal parameters).
The equilibrium volume and the bulk modulus were obtained by
fitting the Birch–Murnaghan equation of states [19]. The cohesive
energy, total and partial density of states (DOS) were calculated for
the equilibrium structures.
The starting GST structure is a supercell containing 27
atoms plus 3 vacancy positions. The supercell is reconstructed
based on the (111) plane along the [111] direction having a
stacking sequence of –Te–Ge(s1)–Te–Sb(s2)–Te–v–Te–Sb–Te–Ge–
originated from the rocksalt structure as described in our previous
114 J. Zhou et al. / Solid State Communications 148 (2008) 113–116Fig. 1. Total density of states of Ge1.67D0.33Sb2Te5 (D = Ag, Cd, In and Sn) with the substitution for Ge atom. The Fermi level is set at 0 eV.Table 1
The calculated lattice parameter a (Å), equilibrium volume V0 (Å
3
/atom),
average interface distance in the [111] direction d[111] (Å), formation energy
Ef (meV/atom) relative to the reaction Ge2Sb2Te5+ 0.33D (D = Ag, Cd, In and Sn)
= Ge1.67D0.33Sb2Te5(Ge2Sb1.67D0.33Te5) + 0.33Ge (0.33Sb), bulk modulus B (GPa),
and its pressure derived B′ for the doped structures and Ge2Sb2Te5 (GST)
Alloys V0 a d[111] Ef B B′
Ge2Sb2Te5 28.738 5.890 1.971 0 58 4.38
Ge1.67Ag0.33Sb2Te5 29.979 5.974 2.071 −304.28 36 2.02
Ge2Sb1.67Ag0.33Te5 29.633 5.951 2.089 333.13 36 5.06
Ge1.67Cd0.33Sb2Te5 29.622 5.950 2.042 −817.78 36 5.23
Ge2Sb1.67Cd0.33Te5 29.643 5.951 2.085 931.81 36 5.41
Ge1.67In0.33Sb2Te5 29.573 5.947 2.034 −433.18 34 3.14
Ge2Sb1.67In0.33Te5 29.614 5.949 2.057 436.53 34 6.06
Ge1.67Sn0.33Sb2Te5 29.682 5.954 2.035 −174.71 38 4.80
Ge2Sb1.67Sn0.33Te5 29.442 5.936 2.058 106.61 34 6.54
work [20], wherein v represents vacancy layer and the superscript
s1 and s2 represent the substituted Ge and Sb, respectively. 3.7 at.%
of dopants (D = Ag, Cd, In and Sn) are considered to substitute
both Ge (Ge(s1)) and Sb (Sb(s2)) atoms in a chemical constitution
of Ge1.67D0.33Sb2Te5 and Ge2Sb1.67D0.33Te5.
The doped structures remain in their original symmetry after
complete relaxation, which suggests that the 3.7 at.% dopants
of Ag, Cd, In and Sn will not influence the crystal symmetry of
GST. The atomic volumes and lattice parameters of the doped
GST structures are generally larger than that of the un-doped GST
(Table 1). It can also be seen that the average interface distances
between two adjacent (111) layers of the doped GSTs increase
by doping and the increase for Sb substitution is larger than
that of Ge substitution (Table 1). The doped GSTs demonstrate
similar mechanical strength as shown by the quite similar bulk
moduli in Table 1. Furthermore, the reduced bond strength of
the doped-GSTs compared to pure GST as demonstrated by the
lower bulkmodulus (Table 1) could accelerate SET operation of theTable 2
The distance d (Å) between two Te layers in the –Te–v–Te– configuration along the
[111] direction for Ge1.67D0.33Sb2Te5 and Ge2Sb1.67D0.33Te5 (D = Ag, Cd, In, Sn), in
total there are three –Te–v–Te– configurations, wherein d1Te–Te is that connected
to the substituted Sb, d2Te–Te is that close to the substituted Ge and d3Te–Te is that
far away from any substitutions
GST Ge2Sb1.67D0.33Te5 Ge1.67D0.33Sb2Te5
Ag Cd In Sn Ag Cd In Sn
d1Te–Te 2.953 4.664 4.301 4.123 3.844 4.116 3.810 3.615 3.571
d2Te–Te 2.953 4.181 4.090 3.971 3.840 4.220 3.758 3.478 3.446
d3Te–Te 2.953 4.089 4.109 3.838 3.904 3.938 3.791 3.734 3.732
device with doped-GSTs. To explore the preferred doping position
between Ge and Sb sites for specific dopant, we have calculated
the formation energies of the various doped phases, which are
also given in Table 1. It is seen that all Ge1.67D0.33Sb2Te5 alloys
have negative values of formation energy, while Ge2Sb1.67D0.33Te5
alloys show positive values of formation energy. This indicates
that doping at Ge site is more favorable and doping at Sb site is
unfavorable. In addition, Sn-doped GST alloys exhibit the lowest
absolute values of formation energy, while Cd-doped GST alloys
show the highest absolute values of formation energy.
Table 2 lists the distance between two Te layers in the –Sb–Te
–v–Te–Sb– configuration for Ge1.67D0.33Sb2Te5 and Ge2Sb1.67D0.33
Te5. It is obvious that the Te–Te layer distance of the doped GSTs
increases dramatically in comparison to the pure GST. It increases
from 16.7% as doped by In to 57.9% as doped by Ag. The results
show that present substitution will weaken the bond strength
between Te layers, which will result in the easy movement of
the two building blocks as shown in our previous paper [20], and
consequently the easy phase transformation.
Figs. 1 and 2 show the total density of states (TDOS) for
Ge1.67D0.33Sb2Te5 and Ge2 Sb1.67D0.33Te5 (D = Ag, Cd, In and Sn),
respectively. The TDOS of Ge and Sb substitutions for the
J. Zhou et al. / Solid State Communications 148 (2008) 113–116 115Fig. 2. Total density of states of Ge2Sb1.67D0.33Te5 (D = Ag, Cd, In and Sn) with the substitution for Sb atom. The Fermi level is set at 0 eV.same doping elements show similar features except at the
Fermi level (EF ), wherein some doped GSTs demonstrate p-type
semiconductor behavior and others showmetallic property, while
pure GST is a p-type semiconductor [21]. There are non-zero states
at EF for Ag-doped GST in the two cases. For Cd and Sn doped
GST, they are semiconductors when substituting for Ge atoms
(Fig. 1) and there are non-zero states at EF when substituting for
Sb atoms (Fig. 2). In the case of Indium doped GST, there are non-
zero states at EF when substituting for Ge atoms (Fig. 1) and it
is a semiconductor when substituting for Sb atoms (Fig. 2). The
non-zero states at EF for the doped phases suggest that valence
electrons of the dopants mainly contribute to conductivity.
To investigate the electrical origin of the metallic behavior of
the doped phases, we have analyzed their partial density of states
(PDOS). The results show that the valence electrons of dopants
mainly contribute to either the conductivity or chemical bonding
depending on the substituted atoms and dopant type. For brevity,
PDOS close to the Fermi level for Ag and Te in the configures of –
Te–Ag–Te– in Ge1.67Ag0.33Sb2Te5 and –Te–v–Te–Ag–Te– (herein v
represents vacancy layer) in Ge2Sb1.67Ag0.33Te5 are given in Fig. 3
(a) and (b), respectively. In Ge1.67Ag0.33Sb2Te5, both Ag 4d and Te
5p states contribute nearly equally to the Fermi level, while in
Ge2Sb1.67Ag0.33Te5 the states at the Fermi level come mainly from
Te 5p states with less contributions from Ag 4d states. Compared
to PDOS of Te in pure GST that is zero at EF , it suggests that the
substitution of Ag for Ge or Sb results in the non-zero states at EF ,
and consequently the metallic behavior of the dopant phases.
PDOS close to the Fermi level for In and Te in the configures of
–Te–In–Te– in Ge1.67In0.33Sb2Te5 and –Te–v–Te–In–Te– (herein v
represents vacancy layer) in Ge2Sb1.67In0.33Te5 are shown in Fig. 4
(a) and (b), respectively. In Ge1.67In0.33Sb2Te5, both In 5s and Te 5p
states contribute to the Femi level with larger contribution from
In 5s states and tiny contribution from In 5p state. Once again the
substitution of In for Ge in Ge1.67In0.33Sb2Te5 results in the non-
zero states at EF , and consequently results in its metallic behavior.Fig. 3. (Color online) Partial density of states (PDOS) for Ag and Te, (a) of the –
Te–Ag–Te– configure in Ge1.67Ag0.33Sb2Te5 , (b) of the –Te–v–Te–Ag–Te– configure
in Ge2Sb1.67Ag0.33Te5 , where v is vacancy layer and the PDOS of Te in between v and
Ag is considered. The Fermi level is set at 0 eV, and the dot, dash, dash dot and solid
lines represent Ag 5s, 4d states and Te 5s, 5p states, respectively.
Whilst in Ge2Sb1.67In0.33Te5 the states at the Fermi level are zero,
therefore it has a semiconductor property.
In summary, by ab initio calculations we have shown that the
3.7 at.% dopants of Ag, Cd, In and Sn drasticallyweaken the strength
of Te–Te bond in the –Te–v–Te– configuration while maintaining
116 J. Zhou et al. / Solid State Communications 148 (2008) 113–116Fig. 4. (Color online) Partial density of states (PDOS) for In and Te, (a) of the –
Te–In–Te– configure in Ge1.67In0.33Sb2Te5 , (b) of the –Te–v–Te–In–Te– configure
in Ge2Sb1.67In0.33Te5 , where v is vacancy layer and the PDOS of Te in between v and
In is considered. The Fermi level is set at 0 eV, and the dot, dash, dash dot and solid
lines represent In 5s, 5p states and Te 5s, 5p states, respectively.
rocksalt symmetry of GST, which will result in the easy breaking
of the Te–Te bond and hence the easy phase transformation. In
addition, the lattice parameters of the doped GSTs are generally
larger than that of the un-doped ones. According to the analysis
of formation energy, it is more favorable to substitute for Ge in
Ge2Sb2Te5. By analyzing the total and partial density of states,
the doped GSTs demonstrate either semiconductor or metallicbehavior depending on the substituted atom type and dopant
type, which is attributed to the effect of valence electrons of
the dopants that mainly contribute to either the conductivity or
chemical bonding. The present results will provide a fundamental
understanding for tuning the properties of GST alloys.
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